Grain and forage legumes are among the most important crops worldwide for both animal and human consumptions 1 . They are also important players of sustainable agriculture 2 . Their capacity to fix atmospheric nitrogen allows them to grow in poor soils without application of nitrogenous fertilizers. As a consequence, they contribute to reduce both fossil energy requirement and greenhouse gas emission 3 . Inclusion of legume crops in rotation impacts positively on subsequent crop production 2 . However, legume yield is constantly threatened by fungal diseases 4 . Powdery mildew emerged as one of the most widespread and damaging legume diseases 4 . One of the most efficient and durable powdery mildew resistance mechanisms was originally found in barley 5, 6 . Lines carrying homozygous recessive alleles at the Mlo locus showed an efficient penetration resistance to this pathogen 5 . mlo-based resistance is one of the few examples of monogenic traits that confer broad spectrum resistance in the field [6] [7] [8] . Recently, mlo-based resistance has been identified in other crops including pea (er1) 9, 10 and tomato (ol-2) 11 . Penetration resistance was also detected in other legumes including, Medicago truncatula 12 and Lathyrus belinensis 13 . Although the genetic base controlling the resistance in these species is not known, their phenotypes are reminiscent to that of mlo-based resistant accessions. It is thus possible that they arose from mutations in one MLO gene. Other species may, thus, contain natural mlo mutants that could be very useful to breed crops for resistance to powdery mildew.
The barley MLO is a seven trans-membrane domain protein that localizes at cell plasma membrane 5 . This gene belongs to a highly conserved family found in both monocots and eudicots 14 . To date, the total number of MLO genes identified varied from 11 to 31 according to the plant species 15, 16 (Table 1 ). The biological function of most MLO genes remains largely unknown. Phylogenetic analyses classified these genes in 6 to 8 clades 14, 17 . All MLO genes with a function in powdery mildew susceptibility clustered in clades IV and V 14, 18 . A clade V MLO gene, from pepper, CaMLO2, has also been associated with susceptibility to bacterial and oomycete pathogens, and to drought 19, 20 . In addition, the expression of some Lathyrus sativus MLO transcripts were induced shortly after rust infection in resistant genotypes, which might suggest their involvement in rust resistance 21 . Although the exact role of clade V MLOs is still unclear, they might interfere with the plant immune response to stresses. This is similar to the Lr34 resistance gene that protects wheat by controlling the induction of multiple defense pathways 7, 22 .
Results
Identification of legume MLOs. Datamining of the different legume genomes (Table 2) identified from 14 to 23 sequences with homology to A. thaliana MLOs (Supplementary Table S1 ). In most genomes, several hits were predicted to encode for truncated proteins. This included the M. truncatula sequences MtMLO12 and MtMLO16 (Supplementary Table S1 ). Most of these truncated versions were located close to retro-transposon-like sequences. Thus, these shorter sequences were considered pseudogenes and they were not analysed further.
The remaining sequences were confirmed as putative full length MLOs. This led to the identification of 14 MLO genes in M. truncatula, 13 in Cicer arietinum, 15 in Lupinus angustifolius, 20 in Cajanus cajan, 19 in Phaseolus vulgaris, 18 in Vigna radiata and 13 in each Arachis genome (Table 1 and Supplementary Table S1 ). Interestingly, the sequences SSV2N, from A. duranensis, and MQE1N, from A. ipaensis, had no counterpart in the second Arachis genome (Supplementary Table S1 ). The peanut genome may, thus, contain 14 potential MLO members. They have been named ArMLO1 to ArMLO14 (Table 1 and Supplementary Table S1 ). To avoid redundancy, only one sequence for each Arachis MLO orthologue was used in the analysis.
Since the pea genome has not been sequenced yet, we used the large transcriptomic resources available to search for potential MLO genes in this species. We identified several pea transcripts showing homology with 11 MtMLO sequences. This suggested the presence of, at least, 11 potential MLOs in pea (data not shown). In addition to PsMLO1, three full length MLO genes could be reconstructed. These sequences, named PsMLO2, PsMLO3 and PsMLO4, showed high similarity to MtMLO9, MtMLO11 and MtMLO15, respectively (Supplementary Tables S1).
Organization and distribution of legume MLOs. The Table S1 ).
One to four MLO genes were detected on almost all legume chromosomes indicating an even distribution over legume genomes. In addition, we observed that physically close MLO pairs, in any given species, had orthologous pairs in the corresponding chromosome of other legume species (Supplementary Table 1 Table S1 ). This would suggest that at least some of the MLOs localized within syntenic blocks which are conserved across legume genomes.
Characterization of protein and domain organization. MLO proteins are characterized by the presence of seven trans-membrane (TM) domains and one MLO functional domain 14 . To determine whether the legume MLO genes shared these typical characteristics, their deduced amino acid sequences were subjected to different prediction servers (Supplementary Table S2 ). Almost all sequences were predicted to contain a single MLO domain covering most of the protein length. The sole exceptions were CaMLO5 and VrMLO9 for which two separated MLO domains were predicted (Supplementary Table S3 and Fig. 1 ). All potential MLOs were predicted to localise within cell membranes (Supplementary Table S3 ).
The prediction servers used to estimate the number of TM domains (TMHMM 27 , Psort 28 and InterProScan5) 29 implemented different algorithms. This lead to some variations in the total number of TM domains predicted (Supplementary Table S3 ). Despite these small variations, all sequences, except VrMLO3, were predicted to contain seven TM domains. For 97 sequences, the prediction was supported by two or more servers (Supplementary Table S3 and Fig. 1 ). The TM domain distribution was largely similar between them and it fitted with the distribution of TM domains of typical MLO proteins (Fig. 1) . Several putative MLOs were also predicted to contain a signal peptide at their N terminal region (Supplementary Table S3 and Fig. 1 ). In parallel, the legume MLO sequences were subjected to the MEME suite server 30 to identify conserved amino acid motifs and to uncover species-specific or legume-specific signatures. This identified 14 amino acid motifs common to most MLO sequences (Table 3 ). These motifs co-localized with the TM domains, the internal loops 2 and 3 and the calmodulin-binding region (CaMBD) (Supplementary Fig. S1 ). These motifs were also found in most MLO sequences from Glycine max and from non-legume species including Arabidopsis thaliana, Cucumis sativus, Solanum lycopersicum and Vitis vinifera. In addition, they were largely similar and overlapping with the motifs identified in previous studies 15, 16, 31, 32 ( Supplementary Fig. S1 ). A previous study by Elliot et al. 33 identified 30 invariable amino acid residues within 38 MLO sequences. Twenty two of these residues were also invariable in legume MLOs. The other residues were also highly conserved since they only changed in one or two sequences per legume species (Table 4) .
Phylogenetic analysis of legume MLOs. The MLO family was previously subdivided in six to eight clades 14, 17 . To classify the legume MLOs, a Neighbor-Joining (NJ) phylogenetic analysis was performed. To this aim, their deduced protein sequences were aligned with already characterized MLO sequences (Table 1 and Supplementary Fig. S2 ).
This analysis separated the MLO proteins into seven well-supported clades ( Supplementary Fig. S2 ). The MLO members from clade I further clustered in two well-separated sub-clades (Ia and Ib). At least one MLO protein, from each legume species, was found in clade IV that contains the barley MLO. Several members from each legume species also clustered in clade V with the powdery mildew susceptibility genes of Arabidopsis thaliana. Surprisingly, only sequences from tropical legumes clustered in clade VI with AtMLO3. By contrast, the last group (clade VII) was nearly exclusively composed of legume sequences except for the tomato protein SlMLO2 ( Supplementary Fig. S2 ).
To confirm this classification and to analyse further the evolution of the MLO family in legumes, a more detailed phylogenetic analysis was performed using the maximum likelihood (ML) or maximum parsimony (MP) algorithms. The two approaches (ML and MP) retrieved very similar tree topologies, thus only the ML tree is shown (Fig. 2 ). This approach also grouped the legume MLOs in seven clades with clade I further divided in two well-supported branches (cluster Ia and Ib) (Fig. 2 ). Clades I, II and III were represented by three to four MLOs per legume species. By contrast, clades IV, VI and VII were only represented by one sequence per species ( Fig. 2 and Table 1 ). As already observed after the NJ phylogenetic analysis, clade VI only contained MLO sequences from tropical legumes including G. max, Cajanus cajan, P. vulgaris and V. radiata ( Fig. 2 and Supplementary  Fig. S2 ). The ML phylogenetic tree also showed the expansion of clade V MLOs in tropical legumes. In these Phaseoloid species, six clade V genes were detected while the other legume species had only two genes ( Fig. 2 and Table 1 ).
Conservation of MLO members within clades and identification of clade-specific motifs.
To determine the presence of clade-specific motifs within legume MLOs, they were classified according to the phylogenetic tree and subjected to MEME (Fig. 3) . In parallel, all MLO orthologues were aligned with Clustal W 34 to visually assess their overall conservation and to locate the conserved motifs (Supplementary Figs S3 to S9). The MEME analysis revealed 34 clade-specific motifs ( Fig. 3B and Table 5 ). According to this analysis, each clade can be recognized by the presence of two to six motifs. These motifs mostly localised within the first extracellular loop, the second intracellular loop and the C-terminal region ( 
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with powdery mildew susceptibility 16, 35 ( Supplementary Fig. S7 ). On the other hand, four motifs (motifs 4 to 7) could distinguish between the two sub-types of clade I MLOs. Other motifs distinguished between two sub-types within the MLO members of clades II and VII (Fig. 3B) . Interestingly, one of the clade VII sub-types was characterized by the presence of two motifs (motifs 33 and 34) that were only detected in Phaseoloid species ( Fig. 3 and Supplementary Fig. S9 ). Many of these motifs were also found in non-legume species including Vitis vinifera, Cucumis sativus and Solanum lycopersicum. This includes all clade V-specific motifs. Nevertheless, 12 motifs (motifs 5, 10, 11, 14, 15, 16, 19, 20, 21, 29, 30 and 32) were only found in legume sequences (Table 5) .
On the other hand, the level of conservation of specific amino acid residues was also compared between clades (Table 4 and Supplementary Table S4 ). This comparison indicated that five of the 30 residues, previously described as invariable 33 , were modified on a clade specific basis (Table 4) . For instance, the barley E 135 residue was systematically changed to a D in clade VI sequences. Similarly, the Y 243 and F 135 were changed, in clade VII sequences, to F and S, respectively. Most of these punctual changes (three out of five punctual changes) were detected in clade VII. In the other clades, these amino acid positions remained invariable, as previously described 33 (Table 4) . We also challenged the specificity of the 73 amino acids that discriminated between the powdery mildew susceptibility MLO of monocots and eudicots, according to Appiano et al. 18 (Supplementary Table S4 ). As indicated previously, these sequences belonged to two different clades (clade IV and V). Thus we aimed not only to validate these specific changes but also to determine whether they could discriminate between monocot and eudicot sequences or between clades. For this, we aligned all clade IV and V legume sequences with the sequences included in Appiano et al. 18 (Supplementary Table S4 ). Thirty six of these amino acid positions differed between clade IV and V sequences. For instance, the monocot valine and serine residues at position 32 and 145, were also found in clade IV legume sequences (Supplementary Table 4 ). However, they were systematically changed to isoleucine and glycine, in clade V sequences (Supplementary Table 4 ). These 36 amino acid positions could be instrumental to discriminate between clades IV and V (Supplementary Table S4 ). In addition, 17 amino acid positions discriminated between monocots and eudicot sequences. These residues were found unchanged in all eudicot sequences from clades IV and V, but, differed, within clade IV, between monocot and eudicot sequences. This is the case for the proline and leucine residues found at position 234 and 271. While these residues were found unchanged in all clade IV legume sequences, they were replaced by a glutamine and a phenylalanine residue in the monocot sequences (Supplementary Table 4) . Interestingly, four additional residues varied not only between clade IV and V legume sequences, but also, between monocot and eudicot sequences within clade IV (Supplementary Table 4 ). For instance the S 325 residue found in monocot clade IV sequences was modified to asparagine in clade IV legume sequences whereas it was changed to glycine in clade V sequences (Supplementary Table 4 ). The remaining 16 variable positions did not follow any distinctive pattern.
Discussion
MLO is a large protein family highly conserved across plant kingdom. Apart from the well-documented role of some MLOs in powdery mildew susceptibility, the biological functions of MLOs remain largely unknown 14 . Besides providing hints on their potential functions, studying the diversification and multiplication of MLOs in a given species may give clues on its genome evolution. Thus we performed a genome-wide characterisation of the MLO family in eight legume species belonging to different clades and ecological habitats.
Mining legume genomic databases allowed the identification and characterization of 118 MLO sequences. The total number of MLO sequences varied from 13 in chickpea to 20 in pigeon pea (Table 1 and Supplementary  Table S1 ). This is broadly similar to the situation found in other eudicot species that demonstrated the presence of 15 MLO genes in A. thaliana 36 , 17 in grapevine 37 and tomato 31 , 14 in cucumber 32 , 18 in strawberry 17 or 19 in peach 17 . The highest number of MLOs was identified in soybean with 31 full length MLOs 15 ( Table 1 ). The phylogenetic analysis showed, in most cases, a pair of soybean MLO genes clustering together, for any given MLO orthologue (Fig. 2) . Thus the large MLO expansion in soybean is likely consequence of its recent genome duplication 15 . We also detected the presence of shorter truncated sequences with homology to MLO genes. Since most of Table 3 . Conserved motifs common to all sequences as detected by MEME software.
them were close to retrotransposon-like sequences, we concluded that they were inactive pseudogenes. However, shorter MLO-like sequences have been described in many plant species including tomato 31 , cucumber 32 , soybean 15 , strawberry 17 and apple 17 . Thus, these sequences might represent a new family of membrane-proteins not considered before.
The MLO genes were widely distributed over the legume genomes. They were found on almost all chromosomes of any given species (Supplementary Table S1 ). In addition, most legume MLO orthologues were located, within conserved syntenic blocks, in related chromosomes in the different legumes (Supplementary Table S1 ). The MLO distribution supported the high level of micro-and macro-synteny that exist between legume genomes 38, 39 . It also further illustrated the assumption that most legume genes are likely located in syntenic regions 40 as previously demonstrated for most phenylpropanoid genes of soybean and common bean 41 . This distribution also suggested that they mainly arose from segmental duplication as it was already assumed for rice and several Rosaceae species 17, 42 . Tandem duplication may have also played a minor role in MLO evolution since we detected evidence of a few tandem duplication events such as the gene pairs PvMLO5/PvMLO6 and VrMLO5/VrMLO6 in P. vulgaris and V. radiata, respectively (Supplementary Table S1 ).
The phylogenetic analysis classified the legume MLOs in seven clades (Figs 2 and 3) , which is in accordance with previous studies 14, 17, 37 . The largest clades were clades I, II III and V that contained two to six MLO genes, in each legume species (Fig. 2 and Supplementary Fig. S2 ). In our analysis, the clade I was further divided in two well-supported sub-clades. These sub-clades can also be distinguished by the examination of their sequences ( Fig. 2 and Supplementary Figs S2 and S3) . One MLO per legume species was found in clade IV that was originally thought to be restricted to monocots 14 . Clade VI, characterized by the presence of AtMLO3, contained only a small number of legume sequences (Figs 2 and 3 ). This supports its recent addition to the MLO family 14 . The legume sequences in this clade were only from the Phaseoloid legumes including common bean, mung bean, pigeon pea and soybean ( Fig. 2 and Supplementary Fig. S2 ). AtMLO3 orthologues have been found in all eudicot species studied so far 17, 31, 32, 37 . Lack of AtMLO3 orthologues in the other legume species is thus surprising. This could be explained by either loss of these orthologues in lupin, barrel medic, chickpea and peanut or by their T 393  T  T  T  T  T  T  T  T  T  T  T  T  T  T  T  T P 395 P P P P P P P P P P P P P P P P specific incorporation in the genome of the Phaseoloid species. Lupin and peanut belongs to the early-diverging clades, Genistoid and Dalbergioid, respectively 43 . Their separation from the other Papillionidoids clades has been
CcMlo4 GmMlo21 estimated some 55-56 million years ago 44 . The evolution of the tropical (Phaseoloids) and temperate legumes (Galegoids) is more recent 43, 44 . It has been estimated to have taken place approximately 52.8 and 50 million years ago, respectively 44 . According to this, it appears more likely that the Phaseoloid species (common bean, pigeon pea, mung bean and soybean) have incorporated this MLO clade during speciation. The phylogenetic study also revealed a seventh clade that was mainly represented by legume MLO. This is in accordance with recent studies that also identified a seventh clade in cucumber 32 and tomato 31 . Another recent study on Rosaceae MLO identified two new clades apparently restricted to Rosaceae species (clades VII and VIII) 17 . However, MLO sequences from soybean, cucumber or tomato were not included in their analysis 17 . Thus, a more global analysis of MLO sequences, over plant kingdom, would be necessary to determine whether evolution of MLO sequences led to the apparition of genera-specific clades.
Previous studies identified several conserved motifs 15, 16, 31, 32, 35 that we also detected in the legume MLO protein sequences (Table 3 and Supplementary Fig. S1 ). One of these common motifs, located at the C-terminal Common and clade-specific motifs are represented by white and colored boxes, respectively. These motifs were identified by scanning the MLO sequences with the MEME suite software 30 (Supplemental Table S1 ). Common and clade-specific amino acid motifs are listed in Tables 3 and 4 region, was previously shown to bind to the calcium-sensing protein calmodulin 35 . Here, we confirmed that the calmodulin binding site was conserved in all MLO clades (Supplementary Figs S3 to S9), since it was found within the common conserved motif 14 in all legume sequences (Fig. 3) . In addition to these common motifs, our study identified 34 clade-specific motifs and several clade-specific amino acid residues. These motifs located in the extracellular loops 1 and 3, the intracellular loop 2 and the C terminal region (Table 4 , Fig. 3 and Supplementary  Table S4 ). For instance, six clade V-specific motifs were detected (Table 4 , Fig. 3 and Supplementary Fig. S7 ). Two of them, motifs 25 and 27, contained the previously identified consensus clade V sequences 16, 35 . This confirmed the efficacy of the method used. Interestingly, the conserved tetrad [E/D]FSF 35 was also detected in clade IV and VI MLO sequences (Supplementary Figs S6, S7 and S8 ). The presence of this motif in clade IV sequences may have been expected since it contains the powdery mildew susceptibility genes of monocots. By contrast, its presence in the more divergent clade VI is surprising. It might indicate a common mechanism of action of these three clades. The identification of clade-specific motifs is very useful to isolate MLO orthologues in plant species not yet sequenced.
Beyond finding interesting new features about the MLO gene family, our study also showed diverging features between the tropical legumes (Phaseoloids) and the other legume species. One of the most striking differences was the total number of MLOs found in each type of legumes. Legumes from the Genistoid, Dalbergioid and Galegoid clades were characterized by 13 to 15 genes while tropical legumes contained from 18 to 31 genes (Table 1 and Supplementary Table S1 ). Almost all additional genes from tropical legumes clustered in clade V (Fig. 2 and Table 1 ). Given the importance of this clade in disease susceptibility, the specific multiplication of clade V MLOs in tropical legumes may reflect a greater pathogenic variability and pressure in tropical regions. Another phylogenetic difference was the lack of clade VI MLO genes in legumes from the Genistoid, Dalbergioid and Galegoid clades. The significance of the absence of this particular clade is not known. Clades V and VI correspond to the most recent diversification of the MLO family 14 . At this respect, our data suggested that the MLO family evolved differently depending on the legume clade considered. The tropical legume diverged after the separation from lupin and peanut ancestors but before that of the temperate legumes 44 . They are the only ones to have incorporated the clade VI MLO in its genome and to have followed a significant expansion of this family ( Fig. 2 and Supplementary Fig. 2 ). Our data also indicate that the Genistoid, Dalbergoid and Galegoids, have evolved in parallel. These assumptions were also supported by the detection of two specific motifs (motifs 33 and 34) only found in clade VII MLOs of tropical legumes.
Altogether, our study characterized 118 MLO sequences from eight different legume species with different habitats and agronomic characteristics. This comparative analysis revealed interesting new phylogenetic features that may be the base to further determine the function of this gene family. We also detected several differences between tropical and the other legume species that might reflect different evolutionary pressures. In addition, we identified from three to seven genes in clades IV and V that contains the genes associated with powdery mildew susceptibility. These new sequences are very valuable to identify new gene variants to confer powdery mildew resistance in these species and to identify new susceptibility genes in additional legume species.
Methods
Identification, annotation and validation of legume MLOs. M. truncatula MLO sequences were identified by mining the JCVI M. truncatula genomic project v4.0 database through BLAST searches with the 15 Arabidopsis thaliana MLO sequences as templates. All potential MLO sequences from the other legume species (Table 2) were retrieved by BLAST 45 using the M. truncatula MLO CDS and protein sequences. In all cases, the lowest limit of significance (e-value) for any potential hits was set at 1e −20 . All potential MLO sequences were systematically validated by reciprocal BLAST on the M. truncatula JCVI Mt4.0 (http://jcvi.org/medicago/index. php) and A. thaliana TAIRv10 databases (http://www.arabidopsis.org).
Upon validation, the genomic sequence of each potential MLO was examined to reconstruct the full length CDS and correct potential annotation errors. Each genomic sequence was then aligned to its corresponding transcripts by BLAST against its respective transcriptomic (TSA) and EST databases that are stored at the NCBI website (http://blast.ncbi.nlm.nih.gov/Blast.cgi). In parallel, validated MLO sequences, from unannotated legume genomes (Lupinus angustifolius and Vigna radiata), were analyzed with Fgenesh 46 using the "Medicago legume gene" model (Supplementary Table S2 ). Manual correction of the annotation was also performed, if necessary, to improve sequence quality. SeqBuilder v12.0 (DNASTAR, Madison, WI) was used to draw and correct the resulting exon-intron organization of each sequence. Supplementary Figs S10 and S11 show the CDS and deduced protein sequences of the legume MLOs, respectively.
Conservation and phylogenetic analyses. Global pair-wise analysis was performed on the deduced protein sequences to determine their level of conservation to their closest homologue in M. truncatula and A. thaliana with Geneious R8 (http://www.geneious.com) 47 . Multiple protein sequence alignments were performed with ClustalW 34 . The alignments were manually corrected before phylogenetic reconstruction. To assign each potential MLO to its clade, all identified MLO protein sequences were aligned with the MLO sequences from soybean and several non-legume species (Table 1) . This alignment was used to calculate a p-distance matrix after pair-wise deletion of gaps using the MEGA6 software 48 . Then, a phylogenetic tree was reconstructed based on the p-distance matrix with the NJ algorithm. This analysis was performed with 1,000 bootstrap replicates with the MEGA6 software 48 . The phylogenetic relationship of legume MLO was also established using the MP and ML methods implemented in the MEGA 6 software. The search for the most parsimonious tree (MP method) was performed on 10 initial trees with the subtree-pruning-re-grafting method and 1,000 bootstrap replicates. Prior to ML analysis, all gaps and divergent regions were removed from the protein alignment with Gblocks version 0.91b 49 . The resulting alignment was then used to estimate the optimum substitution model with ProtTest 3.4 50 . Subsequently, the ML tree was obtained on 1,000 bootstrap replicates using the JTT substitution model with gamma distribution of 8 categories and α = 1.05 following the ProtTest estimation.
Protein characterization and motif prediction. The deduced amino acid sequences of the potential MLO genes were subjected to several prediction programs to determine their sub-cellular localizations 28, 51 , protein topologies [27] [28] [29] 52 and to identify functional domains 29 . The prediction servers used in this study are listed in Supplemental Table S2 . Except otherwise stated, the prediction server were run with default settings. The result of these predictions was then used to draw the protein organization of each potential MLO protein on the IBS server 53 (Supplementary Table S2 ). Conserved motifs were determined with the MEME algorithm 30 (Supplementary Table S2 ). The MEME parameters were set to search for a maximum of 15 motifs with a motif width comprised between five and 50 residues. Presence or absence of the conserved motifs in each MLO sequence was then determined using FIMO and MAST algorithms also available from the MEME suite web server 30 (Supplementary Table S2 ).
